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G protein-coupled receptor signaling is dynamically regu-
latedbymultiple feedbackmechanisms,which rapidly attenuate
signals elicited by ligand stimulation, causing desensitization.
The individual contributions of thesemechanisms, however, are
poorly understood. Here, we use an improved fluorescent bio-
sensor for cAMP to measure second messenger dynamics stim-
ulated by endogenous 2-adrenergic receptor (2AR) in living
cells. 2AR stimulation with isoproterenol results in a transient
pulse of cAMP, reaching a maximal concentration of 10 M
and persisting for less than 5 min. We investigated the contri-
butions of cAMP-dependent kinase, G protein-coupled recep-
tor kinases, and -arrestin to the regulation of 2AR signal
kinetics by using small molecule inhibitors, small interfering
RNAs, and mouse embryonic fibroblasts. We found that the
cAMP response is restricted in duration by two distinct mecha-
nisms in HEK-293 cells: G protein-coupled receptor kinase
(GRK6)-mediated receptor phosphorylation leading to -arres-
tin mediated receptor inactivation and cAMP-dependent
kinase-mediated induction of cAMPmetabolism by phosphodi-
esterases. A mathematical model of 2AR signal kinetics, fit to
these data, revealed that direct receptor inactivation by cAMP-
dependent kinase is insignificant but thatGRK6/-arrestin-me-
diated inactivation is rapid and profound, occurring with a half-
time of 70 s. This quantitative system analysis represents an
important advance toward quantifying mechanisms contribut-
ing to the physiological regulation of receptor signaling.
Tachyphylaxis, or desensitization, denoting the attenuation
of a biological response to sustained or repeated intervention, is
a pervasive phenomenon in physiological systems. For G pro-
tein-coupled receptors (GPCRs)7 (or, more broadly, seven-
transmembrane receptors), desensitization occurs through
molecular mechanisms that can profoundly limit further stim-
ulation of downstream signals, either through direct receptor
inactivation or inhibition of downstream signaling.At the phys-
iological level, we refer to this general loss of responsiveness as
desensitization; we refer to themore specific case of direct inhi-
bition of receptor molecules as “receptor inactivation.” At the
level of the receptor, GPCR signals represent a dynamic balance
between ligand-stimulated activities, such as G protein cou-
pling, and negative feedback mechanisms, such as receptor
phosphorylation and -arrestin recruitment (1). An agonist’s
efficacy is determined by the balance between these activities
and is limited by the kinetics of receptor inactivation. Despite
intensive research into themolecular mechanisms of desensiti-
zation byGPCR inactivation, the relative contributions of these
mechanisms are largely unknown. One reason for this is that,
until recently, there have been few techniques that directly
measure receptor signaling in real time. Rather, data showing
desensitization and receptor inactivation are usually based on
either physiological assessments, such as hemodynamic param-
eters, which are too complex to derivemechanistic descriptions
of receptor signal kinetics, or onmolecular techniques with low
temporal resolution. In particular, most mechanistic studies of
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themolecular regulation of receptor inactivation are performed
with restimulation protocols, which compare signaling in naive
cells to signaling in cells pretreated with a stimulatory pulse. In
addition, in recent years, most such studies use overexpressed
receptor (or broken cell preparations), which may alter physi-
ological regulation by saturating signaling and feedback
mechanisms.
The challenge of understanding signaling kinetics in living
cells has begun to yield to newly developed techniques utilizing
the growing families of fluorescent and luminescent biosensors,
which can elucidate the spatial and temporal details of signal
transduction (2). These sensors have been used to quantify ion
concentration, protein translocation, protein turnover, pro-
tein-protein interactions, kinase activity, and protein confor-
mational changes over time in living cells (2). Such data have
substantially refined our understanding ofmolecular and cellu-
lar signaling and provide the opportunity to quantify the kinetic
mechanisms underpinning receptor function.
The activation and desensitization of the archetypal 2-ad-
renergic receptor (2AR) has been extensively studied, yet
uncertainty remains regarding the relative contributions of the
best characterizedmechanisms of2AR inactivation: 1) cAMP-
dependent kinase (PKA)-mediated phosphorylation and 2) G
protein-coupled receptor kinase (GRK)-mediated phosphoryl-
ation followed by binding of the scaffold protein -arrestin (1).
We reasoned that quantitative molecular imaging with a live
cell cAMP biosensor would allow us to test the effect of these
mechanisms on 2AR signaling kinetics. Furthermore, quanti-
fication of real time second messenger concentrations would
allow us to develop, test, and refine a mathematical model of
GPCR signaling and inactivation. Such a model would allow
quantitative approximations and predictions of kinetic mecha-
nisms of receptor regulation.
Thus, we set out to 1) develop an improved version of the
cAMP reporter ICUE (indicator of cAMP using Epac) (3) with
improved sensitivity and decreased ability to disrupt normal
cell functions; 2) test the contribution of feedbackmechanisms,
including receptor inactivation on the kinetics of cAMP signals;
and 3) develop amathematicalmodel forGPCR regulationwith
both descriptive and predictive capability.
EXPERIMENTAL PROCEDURES
ICUE2 Construction and in Vitro Characterization—ICUE2
was created by PCR using Epac1 as the template and amplifying
from residue 149 to 881 incorporatingKpnI and SacI restriction
sites. The amplified Epac1 fragment was then fused to
enhanced cyan fluorescent protein and citrine and cloned into
pcDNA3 mammalian vector (Invitrogen) as previously
described (3). In vitro dose-response experiments were per-
formed using cell lysate from HEK-293 cells stably expressing
ICUE2. Cells were lysed with nondenaturing mammalian lysis
buffer, and fluorescence spectra were measured with a Fluoro-
Max-3 fluorimeter (Jobin Yvon, Inc.) upon excitation at 434 nm
before and after the addition of cAMP (Sigma). The EC50 values
were calculated using a sigmoidal dose-response equation (with
variable slope),
Ratio  Ratiomin 
Ratiomax  Ratiomin
1  10logEC50  X  Hillslope
(Eq. 1)
where X represents the logarithmic concentration, Ratio is the
fluorescence resonance energy transfer (FRET) ratio response,
and Ratiomin and Ratiomax are the minimum and maximum
FRET ratios, respectively. FRET efficiency was determined by
dissociation of citrine, the FRET acceptor, upon the addition of
trypsin, as previously described (4).
ICUE2 in Cells—To measure intracellular cAMP concentra-
tions, we determined the relationship of cAMP concentration
to ICUE2 FRET loss by expressing ICUE2 in HEK-293 cells,
collecting cellular lysate, blocking cAMP metabolism by the
addition of 200 M IBMX, and measuring the FRET ratio (cyan
emission/yellow emission) in the presence of increasing con-
centrations of cAMP. This analysis revealed a simple sigmoidal
dose-response relationship, analogous to ligand-receptor inter-
action, with an EC50  12.5  2.8 M. This relationship allows
us to calculate intracellular free cAMP from measured FRET





where Ratio represents the instantaneous FRET ratio, and
Ratiomax is the maximum change in FRET ratio determined by
saturating ICUE2 with cAMP elicited from 50 M forskolin in
the presence of 200 M IBMX. For analysis of whole cell cAMP
responses, we averaged responses from a field of cells (10–30
cells) and averaged these responses across experimental repli-
cates. Thus, all analysis herein ignores subcellular gradients of
cAMP and instead reports the average concentration of cAMP
experienced by diffusible proteins, such as ICUE2.
Cell Culture—HEK-293 cells were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum and 1% penicillin/streptomycin. Mouse embryonic
fibroblasts (MEFs) were maintained similarly to HEK-293
except in high glucoseDulbecco’smodified Eagle’smedium. To
establish ICUE2-stable HEK-293 cells, G418 at 500 g/ml was
used for selection and maintained at 250 g/ml.
siRNA and Plasmid Transfection—HEK-293 cells were tran-
siently transfected with FuGENE 6 transfection reagent (Roche
Applied Science) or calciumphosphate and allowed to incubate
for 12–24 h before imaging. MEF cells were transiently trans-
fected with Lipofectamine 2000 reagent for 4–6 h and allowed
to grow for 12–24 h in fresh medium before imaging. siRNA
was transfected with GeneSilencer according to the manufac-
turer’s instructions (Gene Therapy Systems).
Imaging—Cells were washed with Hanks’ balanced salt solu-
tion buffer 24–72h after transfection and imaged in the dark on
a 37 °C temperature-controlled stage. Cells were imaged on a
Zeiss Axiovert 200M microscope with MicroMAX BFT512
cooled charge-coupled device camera (Roper Scientific) con-
trolled by METAFLUOR 6.2 (Universal Imaging) or SlideBook
4.0 (Intelligent Imaging Innovations). Dual emission ratio
imaging used a 420DF20 excitation filter, a 450DRLP dichroic
mirror, and 475DF40 and 535DF25 emission filters for CFP and
YFP, respectively. The filters were alternated by a Lambda 10-2
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filter changer (Sutter Instruments). Exposure time was 100–
500 ms, and images were taken every 2–20 s. Background cor-
rections of fluorescent images were carried out by subtracting
the intensity of the background (autofluorescent cells and/or
no cells) from the emission intensities of fluorescent cells
expressing the reporters.
Immunoblotting—Cells were lysed in SDS sample buffer and
adjusted to equal protein concentration by protein assay of a
parallel set of cells. Equal amounts of protein were separated on
10% Tris-glycine polyacrylamide gels (Invitrogen) and trans-
ferred to polyvinylidine fluoride membranes for immunoblot-
ting. GRKs were detected with isoform-specific antibodies
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA) for
GRK2 (sc-562), GRK3 (sc-563), GRK5 (sc-565), and GRK6 (sc-
566), according to the manufacturer’s instructions. Phospho-
rylated extracellular signal-regulated kinase 1/2, total extracel-
lular signal-regulated kinase 1/2, and-arrestin 2were detected
by immunoblotting with an anti-phospho-p44/42 MAPK anti-
body (1:3,000 dilution; Cell Signaling Technology, Beverly,
MA), an anti-MAPK1/2 (1:10,000 dilution;Upstate Biotechnol-
ogy, Inc., Lake Placid, NY), and a rabbit polyclonal anti--ar-
restin 2 antibody (A2CT) (1:5,000 dilution), respectively.
Chemiluminescent detection was performed with horseradish
peroxidase-coupled secondary antibody (Amersham Bio-
sciences) and SuperSignal West Pico reagent (Pierce). Chemi-
luminescence was quantified by a charge-coupled device cam-
era (Syngene ChemiGenius2); representative images are shown
as inverted grayscale.
Supplemental Material—Fig. S1 shows the lack of effect of
ICUE2 expression on 2AR-mediated extracellular signal-reg-
ulated kinase signals. Fig. S2 shows that PKA inhibition has no
effect on-arrestin recruitment to the2AR. Fig. S3 shows that
inhibition of Gi signaling with pertussis toxin has no effect on
cAMPdynamics. Fig. S4 shows the analysis of themathematical
model’s parameter fitting. Fig. S5 shows the effect of simulating
GRK overexpression on the mathematical model’s simulation.
RESULTS
Development and Use of ICUE2 toMeasure cAMPDynamics—
Recently, several laboratories have developed FRET-based indi-
cators for cAMP. These biosensors are based on the guanine
nucleotide exchange factor Epac (5), which is regulated by bind-
ing cAMP, resulting in conformational changes. Fusing Epac to
the cyan and yellow variants of green fluorescent protein (CFP
and YFP, respectively) allows detection of cAMP by measuring
changes in intramolecular FRET attendant to cAMP-induced
conformational changes (3, 6, 7). To probe receptor regulation
most effectively, we engineered an improved version of ICUE1,
our previously developed cAMPbiosensor (3), tomaximize sig-
nal detection and minimize perturbation of cellular functions.
To accomplish this, we deleted the first amino-terminal 148
amino acids of Epac1, consisting of the DEP domain and an
N-terminal region responsible for membrane and mito-
chondrial targeting, respectively (8) (Fig. 1A). We named
this biosensor ICUE2. Spectrophotometric measurement of
the emission spectrum of ICUE2 in cell lysate demonstrated
cAMP-dependent FRET changes; the addition of 1 mM cAMP
decreases yellow emission (525 nm emission peak) and
increases cyan emission (485 nm emission peak), consistent
with reduced FRET for cAMP-bound ICUE2 (Fig. 1B). We
found a maximum change in FRET ratio (yellow emission
intensity/cyan emission intensity) of 61%. The FRET signal was
shown to be intramolecular by limited proteolysis, which
cleaves CFP from YFP, and completely abrogates the yellow
emission peak. By this technique, FRET efficiency values were
calculated to be 30 and 11% before and after cAMP addition,
respectively. We calibrated these FRET changes to cAMP con-
FIGURE 1. In vitro characterization of ICUE2, an improved FRET-based
cAMP reporter. A, ICUE2 comprises EPAC1 (amino acids 148 – 881) fused
between the cyan and yellow fluorescent proteins enhanced cyan fluores-
cent protein and citrine. B, spectra of purified ICUE2 without cAMP (black),
with cAMP (green), and after trypsinization (red) show CFP emission (485
nm) and YFP emission (525 nm); the YFP peak is caused by FRET, since it
is lost after trypsinization, and the amount of FRET depends on the pres-
ence of cAMP. A.U., arbitrary units. C, ICUE2 from HEK-293 cell lysate incu-
bated with varying concentrations of cAMP reveal a sigmoidal dose-re-
sponse relationship of FRET change to cAMP concentration (n  3), with
an EC50 of 12.5  2.8 M and Hill slope of 1.0.
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centrations (Fig. 1C), allowing us to measure cAMP responses
quantitatively.
We then tested ICUE2 in living cells by transient transfection
of HEK-293 cells, which express endogenous 2AR at 100
fmol/mg, or 90,000 receptors/cell (data not shown). We tested
the ability of ICUE2 to respond to 1M isoproterenol and found
a rapid and transient increase in FRET ratio (Fig. 2A). We then
added 50 M forskolin to maximally stimulate cAMP produc-
tion, which increased the FRET ratio above that reached with
isoproterenol stimulation. This demonstrates that isoprotere-
nol-induced cAMP is within the dynamic range of ICUE2.
cAMP specificity was demonstrated with a variant of ICUE2
carrying the mutation R373E in the ICUE2 sequence, which
destroys the cAMPbinding pocket; thismutant did not respond
to either isoproterenol or forskolin stimuli.
When expressed in cells, ICUE2 showed an even distribution
of fluorescence throughout the cytoplasm, without the subcel-
lular localization patterns observedwith ICUE1 (3). This is con-
sistent with the absence of membrane and mitochondrial tar-
geting moieties caused by Epac1 truncation, as also seen with a
different cAMP indicator (7).We visualized intracellular cAMP
by pseudocolor representation of FRET ratio changes (Fig. 2B);
this analysis revealed that ICUE2-detected changes in cAMP
were uniform across the cell, as expected for an untargeted,
diffusible reporter measuring a similarly diffusible analyte. Iso-
proterenol-stimulated cAMP reaches concentrations on the
order of 10 M (Fig. 2C). This response is sensitive to both the
2AR antagonist ICI-118,551 and the adenylyl cyclase inhibitor
MDL-12,330A. The transient cAMP response to isoproterenol
is not unique to HEK-293 cells; we found a similar transient
cAMP response to isoproterenol in rat vascular smoothmuscle
cells, indicating that cAMP dynamics are also rapid in more
physiological cells (data not shown). In addition, ICUE2 does
not alter downstream signaling, since ICUE2 expression does
not significantly affect isoproterenol-stimulated extracellular
signal-regulated kinase 1/2 activation, as might be expected
from an Epac-based reporter (Fig. S1). Thus, we conclude that
ICUE2 is a sensitive, relatively inert biosensor for intracellular
cAMP.
Kinetics of 2-Adrenergic Receptor-stimulated cAMP—Iso-
proterenol-stimulated cAMP responses display dose-depend-
ent amplitude but surprisingly display largely dose-indepen-
dent kinetics with similar times for peak cAMP concentration
and duration for all concentrations of isoproterenol (Fig. 3A).
Significant cAMP response was detectable at isoproterenol
concentrations as low as 3 nM. These responses, converted to a
single measurement by integrating cAMP concentration over
time, display an EC50 of 20 nM (Fig. 3B), consistent with tra-
ditional measurements of isoproterenol-stimulated cAMP
accumulation in HEK-293 cells. However, in contrast to tradi-
tional cAMPmeasurements, which usually rely on inhibition of
phosphodiesterases (PDEs) to allow accumulation of signifi-
cant cAMP concentration, ICUE2 measures cAMP in the
native environment and thus reflects biological kinetics of
cAMP responses. Indeed, the effect of PDE inhibition on cAMP
responses is profound, demonstrating that PDE activity plays a
critical role in limiting the magnitude and duration of cAMP
signals (Fig. 3C). The residual cAMP clearance is probably
caused by incomplete PDE inhibition and cAMPefflux from the
cells.
We then set out to investigate the mechanisms that deter-
mine the duration of2AR stimulation of cAMP.Two classes of
negative feedback regulation have been described for the2AR:
“heterologous” mechanisms regulated by PKA and “homolo-
gous”mechanisms regulated byGRKs and-arrestins (1). Inhi-
bition of PKA with 20 M H-89 resulted in profound enhance-
ment of isoproterenol-stimulated cAMP (Fig. 4A). However, at
FIGURE 2. Characterization of ICUE2 responses in HEK-293 cells. A, a time
course of ICUE2 FRET ratio (CFP emission/YFP emission) shows a transient
decrease in FRET in response to 1 M isoproterenol (Iso) (maximum FRET ratio
change  30  2%, n  15) and a larger, sustained FRET decrease in response
to 50 M forskolin (maximum FRET ratio change  60  2%, n  15). In
contrast, the cAMP-binding mutant ICUE2 R373E fails to respond to either
stimulus. B, single cell FRET, displayed as pseudocolor, corresponding to the
time course data shown in A. C, the isoproterenol-stimulated spike in cAMP is
completely blocked by the 2AR antagonist ICI-118,551 (10 M) and mostly
blocked by the adenylyl cyclase inhibitor MDL 12-330A (1 mM).
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least some of this effect is caused by regulation downstream of
the receptor; H-89 also had a significant effect on forskolin-
stimulated cAMP (Fig. 4B). This postreceptor regulation was
caused by H-89-sensitive regulation of PDEs, since PDE inhibi-
tion eliminated the effect of H-89 on forskolin-stimulated
cAMP (Fig. 4C). We also measured the effect of PKA on PDE
activity for 2AR signaling by blocking the receptor with 10 M
propranolol 30 s after isoproterenol stimulation, when cAMP
concentrations are maximal; this allows measurement of the
rate of cAMP clearance. H-89 resulted in a marked slowing of
FIGURE 3. 2AR dose-response relationship for cAMP in HEK-293 cells.
A, increasing concentrations of isoproterenol (Iso) cause cAMP spikes of
increasing magnitude but similar kinetics. B, the integrated ICUE2 response
(area under curve) from A displays a sigmoidal dose-response relationship
with EC50  23  1 nM and a Hill slope of 0.94  0.2. C, inhibition of phospho-
diesterase activity with 200 M IBMX extends the cAMP response from 10 or
100 nM isoproterenol, demonstrating a PDE-limited clearance of cAMP.
FIGURE 4. PKA has multiple effects on 2AR-mediated cAMP dynamics
and 2AR desensitization. A, inhibition of PKA with 20 M H-89 increases
and extends the cAMP response to 1 M isoproterenol. B, PKA inhibition with
20 M H-89 increases cAMP generation from direct activation of adenylyl
cyclase with 50 M forskolin. C, pretreatment with 200 M IBMX eliminates the
effect of PKA inhibition on forskolin-stimulated adenylyl cyclase activity. D, PKA
inhibition (20 M H-89) slows the clearance of cAMP after isoproterenol stimu-
lated receptor is inactivated with 10 M propranolol.
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cAMP clearance, consistent with a PKA-stimulated enhance-
ment of PDE activity (Fig. 4D). Fidelity of this assay to cAMP
clearancewas verified by showing that the identical propranolol
treatment of isoproterenol-stimulated cells results in rapid dis-
sociation of-arrestin from receptor (t1⁄2  3 s) (Fig. S2A); H-89
had no effect on this rate. The receptor is inactivated by pro-
pranolol treatment at least as rapidly as -arrestin dissociation,
indicating that the rate-limiting step in cAMP reduction after
propranolol treatment is cAMP clearance. Since PKA has been
shown to phosphorylate and activate PDE4 (9), the dominant
PDE in our cells (data not shown), we conclude that PKA inhib-
its 2AR-stimulated cAMP, at least in part, by PDE activation.
We then tested and ruled out other mechanisms of PKA reg-
ulation of2AR-mediated cAMP, including 1) phosphorylation
and activation of GRK2 (10), 2) phosphorylation and switching
of 2AR from coupling to Gs to Gi (11), and 3) inhibition of
adenylyl cyclase (12).We found that PKA does not significantly
regulate GRK/-arrestin function in our cells, since H-89
affected neither the amount nor the rate of isoproterenol-stim-
ulated -arrestin recruitment, a measure of GRK activity (13)
(supplemental Fig. S2B). This result also demonstrates that
despite the weak affinity of H-89 for the 2AR (14), at the con-
centrations of H-89 and isoproterenol used here, H-89 does not
directly interfere with 2AR activation. In addition, under our
experimental conditions, PKA did not promote coupling of the
2AR to Gi-mediated inhibition of adenylyl cyclase (supple-
mental Fig. S3).We also found no evidence of PKA activation of
adenylyl cyclase, since H-89 had no effect on forskolin-stimu-
lated cAMP when PDEs were inhibited (Fig. 4C). Thus, the
major postreceptor feedback mechanism in our cells is PKA
activation of cAMP clearance by PDEs. However, the effects of
this feedback and of direct receptor inactivation by heterolo-
gous (PKA-mediated) and homologous (-arrestin/GRK-me-
diated) mechanisms are still unclear. We thus set out to quan-
tify the contribution of each mechanism.
Homologous and Heterologous Mechanisms of 2-Adrenergic
Receptor Inactivation—To investigate -arrestin function in
2AR inactivation, we ablated -arrestin 1 and -arrestin 2
expression with siRNA-mediated silencing (15). In comparison
with a nonsilencing control siRNA, an siRNA that targets both
-arrestins simultaneously increased and prolonged isoproter-
enol-stimulated cAMP concentrations (Fig. 5A). To rule out
differences in 2AR cell surface expression as a reason for
altered cAMP responses, we measured cell surface receptor
density by radioligand binding and found no significant
changes after -arrestin silencing (data not shown). The effect
of -arrestin siRNA on cAMP dynamics was dramatically
FIGURE 5. siRNA-mediated silencing or genetic ablation of -arrestin
reduces 2AR inactivation. A, simultaneous silencing of -arrestin 1 and
-arrestin 2 slightly increases cAMP stimulated by 1 M isoproterenol (Iso).
B, PKA inhibition (20 M H-89) enhances the effect of -arrestin 1/2 silencing on
increased cAMP stimulated by 1 M isoproterenol. C, -arrestin 1/2 silencing
averaged 75%, as shown by representative immunoblot. D, mouse embry-
onic fibroblasts transiently transfected with ICUE2 and stimulated with 1 M
isoproterenol display significantly increased and prolonged cAMP response
in cells derived from -arrestin 1/2 knock-out animals (DKO) when compared
with cells derived from wild-type animals (WT), consistent with the nearly
complete failure of 2AR desensitization in the absence of -arrestins. E, same
experiment as in A but with pretreatment of 20 M H-89 to inhibit PKA. Iso-
proterenol-stimulated cAMP is prolonged by PKA inhibition, but some desen-
sitization is evident in wild-type MEFs. This desensitization is completely lost
in -arrestin 1/2 knock-out MEFs. CTL, control; IB, immunoblot.
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amplifiedwhen cells were pretreatedwithH-89 to inhibit PKA-
mediated desensitization mechanisms (Fig. 5B). However,
some desensitization remained, despite blockade of all known
mechanisms of negative feedback. This was explained by
incomplete silencing of -arrestin, which was at best 80% and
averaged 75% (Fig. 5C), consistent with earlier findings (15, 16).
Thus, the remaining desensitization was probably mediated by
the unsilenced fraction of -arrestins. To verify this, we tested
isoproterenol-stimulated cAMP dynamics in MEFs from wild-
type and -arrestin 1/2 knock-out mice (17). We found that in
MEFs transiently transfectedwith ICUE2 and stimulatedwith 1
M isoproterenol, the absence of -arrestins led to a pro-
nounced loss of desensitization. This effect was amplified by
H-89 inhibition of PKA, resulting in complete abrogation of
desensitization (Fig. 5,D andE). This suggests that perfect-ar-
restin silencing in HEK-293 cells would similarly result in com-
plete disruption of 2AR receptor inactivation when combined
with PKA inhibition.
We also used siRNA to determine the role of GRKs in regu-
lating cAMP dynamics. Since PKA stimulation of PDE may
obscure the contributions of GRKs to 2AR inactivation, we
inhibitedPKAactivitywithH-89to isolateGRK-and-arrestin-
dependent desensitization. siRNA silencing of GRK2, GRK3,
GRK5, orGRK6 revealed that onlyGRK6has an effect on cAMP
regulation in ourHEK-293 cells; in the absence ofGRK6, cAMP
is amplified and prolonged (Fig. 6A). GRK silencing was con-
firmed by immunoblot (Fig. 6B), and radioligand binding stud-
ies showed no significant effect of GRK silencing on receptor
expression (data not shown). We confirmed this result with a
different siRNA sequence targetingGRK6, which similarly pro-
longed isoproterenol-stimulated cAMP, but also reduced2AR
expression (data not shown). Thus, GRK6 is the most potent
regulator of 2AR inactivation among the GRKs expressed in
HEK-293 cells. Overexpression of GRK6 had the opposite
effect, dramatically speeding receptor inactivation (Fig. 6C);
this indicates that GRK activity is the rate-limiting step in2AR
inactivation and determines cAMP signal duration. Interest-
ingly, overexpression of any other GRK also sped 2AR inacti-
vation, suggesting that GRK overexpression overcomes any
GRK specificity arising from substrate sequence preference
(data not shown).
These results are consistent with results showing GRK6
phosphorylation of the 2AR to be the limiting step in receptor
recruitment of -arrestin and -arrestin-mediated receptor
inactivation in HEK-293 cells (13). However, the relative phys-
iological contributions of the GRK and PKA desensitization
mechanisms are still unclear, particularly since PKA can inhibit
cAMP accumulation through both direct 2AR inactivation
and through stimulation of cAMP clearance by PDEs. Discrim-
ination of these mechanisms is possible with the use of mutant
receptors and PDEs, which are not regulated by PKA and/or
GRK (9, 18). However, since even modest differences in recep-
tor expression can alter signaling dynamics (16), we wanted to
limit our analysis to signaling from endogenous wild-type
receptors. We reasoned that the real time live cell cAMP con-
centration data generated by ICUE2 would be ideal for gener-
ating a quantitative mathematical model capable of specifying
the contributions of PKA-mediated desensitization (including
receptor inactivation) and GRK/-arrestin-mediated receptor
inactivation.
A Quantitative Model of cAMP Dynamics—We thus synthe-
sized amodel of2AR cAMP signaling that captures each of the
signaling events we have shown to affect cAMP dynamics as a
series of ordinary differential equations. To maximize the pre-
dictive capability of our model, we limited its scope to only
those relationships necessary to account for our data. Specifi-
cally, we describe the states of the receptor R as X-R-Z, where X
denotes the state of the extracellular side of the receptor and Z
denotes the state of the cytoplasmic side of the receptor. The
extracellular states are ligated (L-) and empty (	).Wemodeled
four cytoplasmic states: unphosphorylated (	), GRK-phospho-
rylated (-PGRK), PKA-phosphorylated (-PPKA), and -arrestin-
bound (-PGRK). This does not include receptors phosphoryla-
FIGURE 6. siRNA-mediated silencing of GRKs reveals kinetic contribu-
tions of GRK6 to 2AR inactivation. A, GRK6 silencing, but not silencing of
GRK2, GRK3, or GRK5, slows 2AR inactivation after stimulation with 1 M
isoproterenol. PKA was inhibited with 20 M H-89 to isolate the effects of GRK
activity. B, GRK silencing by siRNA was more than 90% effective, as shown by
a representative immunoblot for GRK2, GRK3, GRK5, and GRK6 in samples of
equal protein concentration. C, overexpression of vector (pcDNA3.1) or GRK6
in HEK-293 cells, followed by inhibition of PKA (20 M H-89) to isolate GRK/-
arrestin-dependent receptor inactivation, reveals that GRK6 can increase the
rate of desensitization when overexpressed. CTL, control; IB, immunoblot.
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ted by both PKA and GRK, which we assume to be functionally
insignificant because of 1) the lack of effect of PKA inhibition
on -arrestin recruitment and 2) a low likelihood that PKA can
phosphorylate GRK-phosphorylated, -arrestin-bound recep-
tor. We assume that the receptor and ligand are in equilibrium
and that this equilibrium is not significantly affected by the
cytoplasmic state of the receptor. In other words, if [R]Total is
the total receptor concentration, then the following is true,
RTotal  L-R-  L-R-PGRK  L-R-PPKA  L-R-PGRK
 -R-  -R-PGRK  -R-PPKA  -R-PGRK  L-R-Z







where KD is the dissociation constant for the receptor-ligand
complex, and [L] is the concentration of the full agonist isopro-
terenol. We assume that receptor-ligand equilibrium is suffi-
ciently rapid to be irrelevant to cAMP dynamics and thus that
isoproterenol binding and displacement by propranolol are
instantaneous. Thus, we follow only the time-dependent
behavior of the concentrations of the various cytoplasmic states
of the receptor. To constrain the model, we limited these states
to either full activity or complete inactivity and ignored possible
intermediate activity states. Thus, we assume that the ligated
forms of the unphosphorylated and GRK-phosphorylated
receptor are capable of signaling, since the GRK-phospho-
rylated receptor requires -arrestin binding to fully desensi-
tize (19, 20). The active receptor concentration [R*] is given
by the following.




The other two states, R-PPKA and R-PGRK, represent inactive
desensitized receptors.
We assume that GRK only phosphorylates the ligated recep-
tor (21) and that this phosphorylation event is irreversible over
the time span of the experiment, since the rate of2AR dephos-
phorylation after agonist withdrawal has been shown to be very
slow (22). We assume that active PKA can phosphorylate
both the ligated and ligand-free receptor and that this phos-
phorylation event is reversible, since dephosphorylation of
PKA-phosphorylated 2AR occurs much faster than GRK-
phosphorylated 2AR (22). These considerations lead to the







R-  k2PKA*R-  k3R-PPKA
(Eq. 5)
where [PKA*] is the concentration of active PKA, k1 and k2 are
the rate constants for receptor phosphorylation by GRK and
PKA, respectively, and k3 is the rate constant for dephosphoryl-
ation of the PKA-phosphorylated receptor. The initial condi-
tion for this equation is [R-]  [R]Total, since we assume that
initially all the receptors are unphosphorylated. To simulate the
GRK silencing experiments, the GRK concentration is reduced
by a factor 2. Likewise, to simulate the PKA inhibition by H89,
the total PKA concentration is reduced by a factor 3.
We do not distinguish between-arrestin 1 and-arrestin 2,
since both can bind to and desensitize GRK-phosphorylated
2AR (17). Therefore, the concentration of GRK-phosphoryla-






R-  k5R-PGRK  k4R-PGRK
(Eq. 6)
where [] represents the free -arrestin concentration, k4 is the
rate constant for -arrestin dissociation, and k5 is the rate con-
stant for -arrestin binding. The initial condition for Equa-
tion 6 is [R-PGRK]  0. To simulate the -arrestin silencing
experiments, the total -arrestin concentration is reduced
by a factor 1.
PKA-mediated G-protein switching and PKA inhibition of
adenylyl cyclase do not contribute to cAMP dynamics in our
cells (Figs. 4 and S3), so active adenylyl cyclase concentration






R-  R-PGRKAC  k7AC* (Eq. 7)
where k6 represents the rate constant for adenylyl cyclase activa-
tion by the ligated receptor, and k7 is the rate constant for basal
deactivation of the enzyme. The initial condition is [AC*] 0.We
assume that the intracellularATPconcentration remains constant
and that PDE-mediated cAMP degradation follows Michaelis-








where k8 is the pseudo-first order rate constant for cAMP pro-
duction, k9 is the rate constant for PDE-independent cAMP
clearance, and k10 and Km characterize PDE-mediated cAMP
degradation. The initial condition is [cAMP]  0. To simulate
the experimentswhere PDE is inhibited by IBMX, the total PDE
concentration is reduced by a factor 4.




 k11PKAcAMP  k12PKA* (Eq. 9)
where k11 represents the rate constant for cAMP binding to
PKA, and k12 is the rate constant for the dissociation of cAMP







PDE  k15PDE* (Eq. 10)
where k13 is the rate constant for basal activation of PDE, k14 is
the rate constant for PKA-dependent activation, and k15 is the
rate constant for the deactivation of PDE. Because we have
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included a basal activation rate for PDE, the initial concentra-
tion of active PDE is [PDE*]  k13/k15. Initially, all -arrestin is




 k4R-PGRK  k5R-PGRK (Eq. 11)
We do not consider protein turnover, since our experiments
are less than 20 min long, so the total concentrations of recep-
tor, adenylyl cyclase, PKA, PDE, and -arrestin are constant
and given by the following.
RTotal  R-  R-PGRK  R-PPKA  R-PGRK (Eq. 12)
ACTotal  AC  AC* (Eq. 13)
PKATotal  PKA  PKA* (Eq. 14)
PDETotal  PDE  PDE* (Eq. 15)
Total    R-PGRK (Eq. 16)
These relations can be used to determine the concentrations of
the remaining chemical species in the model. To fit the model
equations to the experimental data (see supplemental material
for details), all of the protein concentrations were scaled by
their total amounts. In other words, we use the scaled variables
X  [X]/[X]Total, where X denotes any of the protein species.
Note that there is only one protein-protein complex in the
model, R-PGRK. This requires that we specify the relative con-
centrations of receptor and -arrestin. Based on radioligand
binding experiments, which measured 100 fmol/mg 2AR in
ourHEK-293 cells (data not shown), and the fact that ourHEK-
293 cells only express sufficient -arrestin 1/2 to desensitize
200 fmol/mg angiotensin II type 1 receptor (16), we took the
effective concentration of -arrestin to be twice that of the
2AR. The full model consists of seven variables that satisfy
Equations 3–11, five conservation relations given by Equations
12–16, and 22 free parameters. This information is summarized
in supplemental Tables S1 and S2.
Model Validation, Parameter Estimation, and Simulations—
To validate the model and perform parameter estimation, we
used aMonteCarlo-based approach, using theMetropolis algo-
rithm to fit the model to the experimental data (23, 24). A full
description of the Monte Carlo optimization method can be
found in the supplemental materials.
To ensure coherent data for this system level analysis, we
repeated all of the modeled experiments in parallel, precluding
day-to-day experimental variability as a source of error in our
model. In fitting the model to the data, we did not place any
constraints on the parameter values other than that they
remain positive, with the exception of defining GRK6 silencing
as reducing the effective activity of totalGRKby 60%, consistent
with our earlier results (13). We ran the Monte Carlo simula-
tion until differences between the data and the model were
minimized (supplementalmethods and Fig. S4A) and evaluated
each of the parameter estimations (Fig. S4B). The model cap-
tured all of the experimental manipulations remarkably well, as
shown in Fig. 7. Some discrepancy between the model and the
experimental data were noted for GRK6 silencing, but we
believe this to be an artifact in the data arising from the parallel
experimental protocol that was used for the modeled data;
when compared with data in a protocol optimized for GRK
silencing (Fig. 6A), the model accurately predicts increases in
both amplitude and duration of cAMP (See “Model Parameter
Analysis” in the supplemental materials for an explanation of
the relevant experimental differences for Figs. 6 and 7). The
close fit of the data and the model suggests that despite the
numerous assumptions made about 2AR signaling mecha-
nisms, the model captures the preponderance of mechanisms
affecting cAMP dynamics in these cells. The model also accu-
rately predicts data that were not fit, such as the effect of GRK
overexpression; compared qualitatively with the experimental
data (Fig. 6C), the model gives very similar results (Fig. S5).
We then used the model with our estimated parameters to
simulate experiments selectively blocking phosphorylation of
the 2AR by either GRKs or PKA. Complete inhibition of GRK
prevents -arrestin recruitment to receptor (not shown), but
60% inhibition of GRK, as would be seen in siRNA silencing of
GRK6, only slows the rate of -arrestin recruitment (Fig. 8A).
This is consistent with our previous results showing a slowed
rate of isoproterenol-stimulated 2AR recruitment of -arres-
tin after GRK6 silencing (13). The model also predicts that
complete ablation of GRK activity, whichwe have not been able
to achieve experimentally, has a significant effect on2AR inac-
tivation (Fig. 8B). In contrast, selectively blocking PKA phos-
phorylation of the2ARwhile preserving PKAphosphorylation
of PDE, which we also cannot achieve with endogenous recep-
tor, has no significant effect. Indeed, PKA-mediated receptor
inactivation is predicted to be so weak that the model does not
detect a difference between blockade of GRK-mediated inacti-
vation alone and combined blockade of GRK- and PKA-medi-
ated inactivation.
Thus, ourmodel predicts that for endogenous2AR inHEK-
293 cells, twomechanisms are responsible for limiting the dura-
tion of cAMP signals: receptor inactivation by GRK phospho-
rylation and -arrestin recruitment and enhanced cAMP
clearance by PKA activation of PDEs. Indeed, PKA activation of
PDE accounts in full for the effect of global PKA inhibition. In
the absence of this feedback mechanism, the remaining recep-
tor inactivation is entirely through GRK phosphorylation and
-arrestin recruitment (Fig. 8C). Therefore, the only mecha-
nism of direct receptor inactivation is -arrestin recruitment,
and the rate of-arrestin recruitment is also the rate of receptor
inactivation (Fig. 8D). In our model, active receptor has a half-
life of 70 s, which is increased to 105 s by GRK6 silencing. This
represents a surprisingly rapid inactivation of the 2AR, which
when combined with the PKA-mediated acceleration of PDE
activity affords cells very strict regulation of cAMP dynamics.
DISCUSSION
Recently, there has been renewed interest in developing
mathematical models of signaling pathways that are capable of
predicting the temporal and spatial behavior of these systems
(see Ref. 25 for a review). An important goal of these investiga-
tions is to establish the regulatory roles played by the multiple
feedback and feed forward loops used to tightly control signal
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transduction. Many of these studies have focused on signaling
by mitogen-activated protein kinase cascades; in general, these
studies have relied ondata sets consisting of sparse time courses
for relative changes in protein levels or activity (e.g. phospho-
mitogen-activated protein kinase measurements) (26, 27). A
smaller number of models, based on more dynamic responses,
such as the second messengers
Ca2
, inositol 1,4,5-trisphosphate,
and cAMP (28–31), have exhibited
higher temporal fidelity. However,
the number of experiments used to
validate the mathematical model is
usually small, with model parame-
ters often estimated “by eye” or by
using nonlinear regression methods
that produce a single optimal
parameter set. Therefore, little con-
sideration is given to how well the
experimental data constrain the
model parameters, if the optimal
parameter set represents typical
model behavior, or how sensitive
model predictions are to the choice
of parameter values. However, a
more unbiased approach to devel-
oping quantitative models of signal
transduction requires data with
high fidelity to physiological signals,
which is often not technically possi-
ble for intracellular signals.
ICUE2, a new FRET-based bio-
sensor that measures absolute
cAMP concentration sensitively
and nondisruptively in living cells,
reports cAMP dynamics with high
temporal resolution and is thus
ideal for developing and validating a
mathematical model. Furthermore,
monitoring GPCR signal transduc-
tion activity at the level of cAMPhas
several advantages. The transient
activation of cAMP occurs on a
rapid time scale, allowing us to
ignore slow processes, such as tran-
scriptional induction and protein
degradation, and to discern more
acute regulatory mechanisms, such
as receptor inactivation and cAMP
degradation. Furthermore, the rela-
tive proximity of the readout to
receptor activity and the relatively
small number of regulatory compo-
nents simplified the development of
our mathematical model.
ICUE2 allowed us to construct a
model of receptor regulation that is
capable of discriminating distinct
mechanisms of receptor desensiti-
zation. Our model was developed and refined based on experi-
mental results, using a combination of siRNA-mediated silenc-
ing and small-molecule inhibitors, as well as knock-out
embryonic fibroblasts, which suggested that both GRK/-ar-
restin-mediated homologous inactivation and PKA-mediated
acceleration of cAMP clearance are important for regulating
FIGURE 7. Quantitative modeling of cAMP dynamics in HEK-293 cells. Experimental data are displayed as
points, and model simulations fit by Monte Carlo simulation are displayed as lines. A, cAMP responses across a
range of isoproterenol concentrations. B, cAMP responses to 10 nM and 1 M isoproterenol with and without
IBMX inhibition of PDE activity. C, isoproterenol-stimulated cAMP response in cells transfected with a nonsi-
lencing control siRNA, with or without H-89 inhibition of PKA. D, isoproterenol-stimulated cAMP response and
clearance after propranolol inactivation of the 2AR, with and without H-89 inhibition of PKA. E, isoproterenol-
stimulated cAMP response after -arrestin 1/2 silencing compared with a control siRNA. F, isoproterenol-
stimulated cAMP response after -arrestin 1/2 silencing compared with a control siRNA in the presence of H-89
inhibition of PKA. G, isoproterenol-stimulated cAMP response after GRK6 silencing compared with a control
siRNA in the presence of H-89 inhibition of PKA.
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2AR signals. However, we were unable to quantitatively deter-
mine the contribution of PKA-mediated heterologous inactiva-
tion for the endogenous receptor experimentally. Instead, we
relied on our mathematical model to estimate the contribution
of thismechanism. Tomaximize the robustness of such predic-
tions, we developed ourmodel to comprise theminimumnum-
ber of parameters that would be constrained both by our data
and the assumptions that we derived from the extensive litera-
ture on 2AR regulation. No constraints were placed on the
range of allowable parameter values other than that they all
remain positive. TheMonteCarlomethod generated a family of
parameter sets that all produced approximately equivalent fits
to the data. The statistical distributions of these parameters
serve as quantitative estimates of the true parameter values.
This analysis revealed that in our system, cAMP-dependent
activation of PDE by PKA was the dominant factor that con-
trolled signal amplitude and dura-
tion and that receptor inactivation
is carried out exclusively by GRKs
and -arrestins.
Our model incorporates a num-
ber of assumptions that were
required to reduce the model’s
degrees of freedom to a level that
could be constrained by our experi-
mental data. The most important of
these assumptions are 1) ligand
binding to receptor rapidly reaches
equilibrium and is irrelevant to
receptor signaling kinetics; 2)
receptor signaling to adenylyl
cyclase proceeds through one rate-
limiting step and involves only two
states of the receptor, “active” and
“inactive”; 3) consistent with previ-
ous work, GRKs phosphorylate only
active receptor and do so reversibly,
whereas PKA phosphorylates either
active or inactive receptor and does
so irreversibly over the times we
consider; and 4) consistent with the
data described above, PKA reduces
cAMPconcentrations by twomech-
anisms: directly inactivating recep-
tor and increasing PDE activity.
Most of the parameters were well
constrained by the data, and all
parameter sets produced similar
predictions in regard to the relative
roles of GRK- and PKA-mediated
receptor inactivation and PKA-
stimulated clearance in regulating
cAMP dynamics. This is seen by the
tight prediction bands shown in Fig.
8. The few parameters that were not
well constrained displayed more
complicated interrelationships (see
supplemental materials for discus-
sion), but the fact that all of the parameter sets produced similar
fits to the data and generated similar predictions provides com-
pelling evidence for the validity of the model and accuracy of
the predictions. Our results indicate that when tightly inte-
grated with real time experimental analysis, mathematical
modeling of signal kinetics provides a powerful tool for quanti-
fication of the biochemical processes that regulate signaling
activity in living cells, even when these processes are not
directly observable.
In contrast to recent studies that demonstrated compart-
mentalization of cAMP signaling (32), in our cells, and at the
moderate spatial and temporal resolutionwe examined, we find
that cAMP diffuses rapidly and uniformly throughout the cyto-
plasm. Therefore, it was not necessary to consider spatial gra-
dients or localization effects. Further studies examining cAMP
dynamics and GPCR regulation with greater spatiotemporal
FIGURE 8. Simulated results of theoretical experiments. Monte Carlo simulation results are displayed as solid
lines, with 95% prediction bands displayed as dashed lines. A, the rate of -arrestin recruitment to the 2AR is
reduced by reducing GRK concentration by 60%. This reduction corresponds to the amount of GRK silencing
found best to match the effect of GRK6 siRNA on cAMP dynamics and is similar to the effect of GRK6 silencing
on measured -arrestin recruitment (13). B, eliminating GRK phosphorylation of the 2AR is predicted to have
a significant effect on receptor inactivation. In contrast, eliminating PKA phosphorylation of the 2AR while
preserving PKA activation of PDE is not predicted to have any effect on 2AR inactivation. Furthermore, block-
ade of all 2AR phosphorylation is indistinguishable from blockade of GRK activity alone. C, selective blockade
of PKA activation of PDE significantly prolongs predicted cAMP response but still allows for 2AR inactivation.
The combined effect of blocking PKA activation of PDE and blocking GRK phosphorylation of the 2AR is
predicted to be sustained cAMP, indicating complete loss of desensitizing activity. D, the rate of receptor
inactivation, as calculated from the rate of -arrestin recruitment. In the absence of significant PKA-mediated
receptor inactivation, -arrestin recruitment kinetics determine the rate of receptor inactivation. The half-life
of active receptor is 70 s; this is slowed to 105 s by GRK6 siRNA.
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resolution and in more physiological settings will afford the
opportunity to expand our model to include spatial parameters
(33). Indeed, such elaboration of mathematical models to
encompass more complicated biology is a central aim of our
systems biology approach.Wehope that ourmodel will serve as
a relatively simple scaffold, sufficient to describe and predict
GPCR regulation, upon which to cultivate more complicated
models encompassing a wide range of pharmacological and
physiological behaviors (31).
Because cAMP production occurs early in the 2AR pathway,
the number of mechanisms that regulate its activity is limited
and reasonably well established. In fact, our model captured
2AR signal kinetics with high fidelity by using only PKA-me-
diated and GRK/-arrestin-mediated negative feedback. Thus,
we did not model the effects of other regulatory mechanisms,
such as regulator of G protein (RGS) protein activity (34).
Importantly, our model does not discount significant RGS
activity in regulating 2AR signaling but rather did not detect
acute changes in RGS activity that affected cAMP dynamics. In
other cells that do display acute regulation by RGS activity or
other mechanisms, our model will have to be expanded to
incorporate such differences.
In particular, this study demonstrates that at physiological
expression levels, the 2AR is desensitized almost entirely by
GRK/-arrestin. Although this may not hold true in all tissues
and cell types, our finding differs substantially from previous
results, which found that PKA-mediated receptor phosphoryl-
ation is the major 2AR-inactivating mechanism. However,
these studies either did not evaluate the effect of PKA on cAMP
clearance or usedmarkedly overexpressed receptor (35–37). As
our recent work has shown (16), even modest receptor overex-
pression can saturate the desensitizing capacity of -arrestins,
which operates via a stoichiometric mechanism. In contrast,
PKA-mediated receptor inactivation operates enzymatically
and thus ismuch less affected by receptor overexpression; thus,
it is no surprise that in the context of artificially high receptor
expression, desensitizationmechanisms are artifactually biased
away from GRK/-arrestin. There is clear evidence that the
2AR is phosphorylated by PKA and that this phosphorylation
is amplified, relative to GRK-mediated phosphorylation, at low
agonist concentrations (35). However, it is unclear how much
these PKA-mediated phosphorylation events contribute to
receptor inactivation. The results presented here suggest that
2AR inactivation by PKA plays a minor role; even at low ago-
nist concentrations, PKA inhibition is predicted to increase
cAMP by blocking PDE activation but to have little effect on
receptor activity (data not shown). Although the concentra-
tions used here mimic receptor saturation by therapeutically
used -AR agonists, physiological 2AR stimulation is medi-
ated by lower concentrations of endogenous catecholamines
(38). It will be important to test these predictions quantitatively
both in more physiological systems, such as primary cell cul-
ture, and at lower agonist concentrations.
The experimental findings presented here illustrate the
necessity of restricting quantitative analysis of signal transduc-
tion mechanisms to relatively undisturbed systems and high-
light the opportunity presented by a systems biology approach.
Our integrated development of a sensitive, nondisruptive bio-
sensor and a quantitatively constrained mathematical model
allowed us to test and characterize 2AR signal transduction
mechanismswith heretofore unseen precision.With continued
advances in biosensor development, the systems biology
approach undertaken here will lead to a much more quantita-
tive understanding of signal transduction pathways and help
elucidate the influence of specific molecular cues on physiolog-
ical responses both in normal and pathological biology.
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